ABSTRACT: Fine-grained sedimentary rocks (shale and mudstone) play important roles in global CO 2 abatement efforts through their uses in carbon capture and storage (CCS), radioactive waste storage, and shale gas extraction. These different technologies, however, rely on seemingly conflicting premises regarding the sealing properties of shale and mudstone, suggesting that those rocks that lend themselves to hydrocarbon extraction may not be optimal seals for CCS or radioactive waste storage, and vice versa. In this paper, a compilation of experimental data on the properties of well-characterized shale and mudstone formations is used to demonstrate that clay mineral mass fraction, X clay , is a very important variable the controls key material properties of these formations and that a remarkably sharp threshold at X clay ∼ 1 / 3 separates fine-grained rocks with very different properties. This threshold coincides with the predictions of a simple conceptual model of the microstructure of sedimentary rocks and is reflected in the uses of shale and mudstone formations for CCS, radioactive waste storage, and shale gas extraction.
■ INTRODUCTION
Fine-grained sedimentary rocks (hereafter termed shales and mudstones) account for roughly two-thirds of the sedimentary rock mass. 1, 2 Vast formations of these rocks play important roles in three low-carbon energy technologies that have the potential to contribute up to 70% of global CO 2 abatement efforts required to stabilize atmospheric CO 2 levels over the next half-century ( Figure 1) . 3, 4 In carbon capture and storage (CCS), shale and mudstone are the predominant lithologies used or considered for use as caprocks of geologic CO 2 storage sites. 4, 5 In nuclear energy production, they constitute a promising option for isolating radioactive waste on time scales greater than the half-lives of long-lived radioactive fission products. 6 Finally, the transition from coal to natural gas as an energy source in North America is driven largely by hydrocarbons extracted from fine-grained sedimentary rocks. 7 These multiple emerging roles of shale and mudstone have prompted concerns about the allocation of these rocks between hydrocarbon extraction, CCS, and nuclear waste storage. 8 The technologies listed above rely on the ability of finegrained sedimentary rocks to essentially immobilize fluids (water, CO 2 , and hydrocarbons) in the subsurface. Chemical, isotopic, and fluid pressure gradients across shale and mudstone formations indicate that these rocks, at least in some cases, maintain their very low permeability (on the order of 10 −20 m 2 in core-scale laboratory experiments) over length scales of hundreds of meters and time scales of millions of years. 6, 9 Utilization of shale and mudstone in CCS and radioactive waste storage requires, additionally, that the sealing properties of these rocks be resilient to the formation of fractures.
10,11
Extraction of hydrocarbons from fine-grained rocks relies on the opposite premise that permeability can be significantly enhanced, for durations of years or more, by the formation of hydraulic fractures. 12 This contrast suggests that fine-grained rocks that lend themselves to hydrocarbon extraction may not be optimal seals for CCS or radioactive waste storage, and vice versa.
With the emergence of shale and mudstone as key players in CCS, radioactive waste storage, and unconventional hydrocarbon extraction, a significant number of formations have now been extensively characterized. 
■ RESULTS AND DISCUSSION
Experimental data on the properties of well-characterized shales and mudstones reveal evidence of a threshold in unconfined compressive strength (σ) at a phyllosilicate (clay mineral) mass fraction X clay ∼ 1 / 3 , where rock strength decreases by a factor of 20 ( Figure 3A ). This transition is highly relevant to the selfsealing of shale and mudstone fractures, because σ may constitute a reasonable proxy for the stresses necessary to crush asperities, or the proppants used in hydraulic fracturing, into a rock surface. 13 Experiments with fractured shale suggest that minor amounts of shearing can result in a 6 order of magnitude decrease in fracture permeability if the effective normal stress (the difference between confining stress and fluid pressure in the direction normal to the fracture) is greater than the σ value of the rock. 13 The existence of a threshold at X clay ∼ 1 / 3 in unconfined compressive strength is consistent with a recent observation that the mechanics of fracture slip (gouge dilantancy, frictional strength, and stability) in core samples from three shale formations undergo a transition at X clay ∼ 30%. 14 Experimental data on the core-scale vertical permeability (k v ) and porosity (ϕ) of fine-grained sedimentary rocks provide additional evidence that X clay is a very important rock property and that a threshold may exist at X clay ∼ 1 / 3 . In particular, the log k v values of fine-grained rocks are well-known to be much more sensitive to X clay than to ϕ or other variables. 15 Existing data reveal that k v decreases by 6 orders of magnitude as X clay increases from 0 to 35% and by an additional 1.5 orders of magnitude as X clay increases from 35 to 70% ( Figure 3B ). The possible threshold at X clay ∼ 1 / 3 in Figure 3B is even more sharply pronounced in measurements of the permeability of homogeneous quartz/clay mixtures, 16 but it is absent in fieldscale reconstructions of fault permeability versus fault clay content, 17, 18 a difference attributed to the scale dependence of permeability in heterogeneous porous media. 17 Similarly, porosity ϕ has little dependence on clay content at X clay < 1 / 3 and a much larger dependence above this threshold ( Figure  3C ). The evidence of a possible threshold in Figure 3C is remarkable, because the ϕ values of shale and mudstone are well-known to be highly sensitive to the maximal historical burial depth of the rock formation. 9, 15 The much greater scatter in the ϕ values of clay-rich rocks in Figure 3B suggests that the sensitivity of porosity to other variables (maximal burial depth, cementation, and recrystallization) 9, 19 increases significantly at X clay > 1 / 3 . Porosity and permeability are key variables in basin modeling, 2 in geomechanical predictions of caprock failure in CCS, 20 and in predictions of the sealing properties of faults, 18 but most extant models assume that ϕ and k v are invariant with X clay . 15 The few models that correctly recognize the impact of X clay on k v do not account for the existence of a possible threshold at X clay ∼ 1 / 3 .
2,18
The transition at X clay ∼ 1 / 3 in the unconfined compressive strength of shale and mudstone ( Figure 3A ) and, perhaps, in other material properties ( Figures 3B,C) is reflected in a remarkably sharp mineralogical demarcation between finegrained sedimentary rocks that are exploited for hydrocarbons and those that are used or considered for use in CCS or radioactive waste storage. The former are clay-poor, while the latter are clay-rich ( Figure 4A ). The mineralogy of the average shale (X clay ∼ 55−60%, X QF ∼ 30−35%, and X CO 3 ∼ 4−9%) 1, 23 lies well within the range of compositions that are not amenable to hydrocarbon extraction. The demarcation between different uses shows a minor dependence on the total organic carbon (TOC) content of the shale as shown in Figure 4B . Overall, the results shown in Figure 4 indicate that X clay is a very important variable that controls the utility of shales and mudstones as seals (for CCS or radioactive waste storage) or as hydrocarbon resources.
The existence of a threshold in the properties of shale at X clay ∼ 1 / 3 is consistent with a conceptual model of shale microstructure as a mixture of large grains (quartz, feldspar, and carbonates) and a fine-grained clay matrix ( Figure 5 ). On this model, a threshold value of X clay naturally arises where the finegrained clay matrix optimally fills the space between the larger grains. 16 This threshold value of X clay is determined by the relation Figure 3C , to account for the porosity of the clay matrix), ρ s,grains = 2.67 ± 0.07 kg dm −3 (the average of the mineral grain densities of quartz, feldspar, and calcite), 24 and f grains = 0.595 ± 0.035 (the experimental range for monodisperse spheres settled, dropped, or poured into a bed). 25 This yields X clay = 34 ± 10%, where the confidence interval primarily reflects the uncertainty of the porosity of the clay matrix. If X clay is smaller than the threshold value, the large grains form a load-bearing framework and the clay matrix partially fill the space between the grains. If X clay is greater than the threshold value, the clay matrix is the loadbearing phase ( Figure 5 ). The coincidence of the predicted and observed thresholds strongly suggests that a very simple aspect of shale microstructure, the manner in which the clay matrix fills the space between larger grains, controls the core-scale fluid flow and mechanical properties of shales and mudstones ( Figure 3 ) and the uses of these rocks (Figure 4) . This coincidence is all the more remarkable in light of the extreme simplicity of the conceptual model used to derive eq 1, which neglects the heterogeneity of real rocks, the effect of cementation and recrystallization, and the nonspherical, nonmonodisperse nature of large mineral grains.
One prediction of the conceptual model in Figure 5 is that in the case of shale or mudstone fractures exposed to a compressive effective normal stress, surface asperities or exogenous proppants will be supported by a network of large grains in the underlying rock matrix if X clay < 1 / 3 . Therefore, fractured shales and mudstones should have a much greater tendency to self-seal in the presence of compressive effective normal stresses if X clay > 1 / 3 . Self-sealing of fractures has in fact been observed in the case of the clay-rich rocks considered for use in CCS and radioactive waste storage.
10, 13 The coincidence of the thresholds in Figures 3A, 4A , and 5 supports the use of σ as a proxy for the ability of the rock matrix to support asperities or proppants. 13 Another prediction of the conceptual model in Figure 5 is that the mechanics of shale and mudstone fractures should be sensitive to geochemical alterations of fracture surface mineralogy by reactive fluids. In CCS, the flow of CO 2 /brine mixtures through fractures can cause a rapid dissolution of carbonate minerals on fracture surfaces. 26, 27 Previous studies have implied that this phenomenon may impair seal integrity. The work presented here indicates that the dissolution of carbonate minerals may instead improve seal integrity by increasing X clay on fracture surfaces and, therefore, decreasing the normal compressive stresses required to seal fractures. This hypothesis is supported by recent examinations of reactive fluid flow at debonded cement−caprock interfaces. 28, 29 For the same reason, this work suggests that the use of acidic fluids in the stimulation of hydraulic fractures may have a deleterious effect on shale hydrocarbon extraction, as observed experimentally, 30 by increasing X clay on fracture surfaces.
Finally, the conceptual model presented in Figure 5 suggests that thresholds at X clay ∼ 1 / 3 may exist in other situations involving fine-grained geologic media. For example, one mechanism of leakage through poorly cemented wells involves the flow of fluid through a gap between the well cement and the rock surface. 28 The study presented here suggests that this type of leakage may be much less likely in wells drilled through rocks with X clay > 1 / 3 , with potential implications for efforts to quantify CO 2 or methane emissions from poorly cemented wells. 31 Similarly, this study suggests that the mechanics of fault rupture and slip, known to be sensitive to the clay content of the fault gouge, 32 early versions of the manuscript, as well as to Drs. Martin Mazurek (University of Berne), William Arnold (University of Minnesota), and one anonymous reviewer for useful comments on the manuscript.
